liable information on natural regeneration patterns allows the application of underlying mechanisms in shorter time spans within the framework of close to nature silviculture (Korpeľ 1989 (Korpeľ , 1995 Korpeľ, Saniga 1995) .
As regards the tree species composition of the primeval forest in the National Nature Reserve (NNR) Hrončokovský Grúň, this primeval forest represents the culmination of tree species diversity (Korpeľ 1995) . This tree species composition is a basic prerequisite for the markedly diversified spatial structure of a natural forest (Korpeľ 1995) .
The first results about the formation and volume of coarse woody debris within the developmental cycle were published by Saniga and Schütz (2002) . The authors found that in the primeval forest of the NNR Hrončokovský Grúň, which belongs to the most species-diversified virgin forests of the 4 th and 5 th vegetation zones (six tree species), the necromass volume is high within the whole developmental cycle, reaching the highest values in the optimum stage. A significant increase of dead wood at this stage is caused by the phase shift of silver fir, dying back in the second developmental cycle compared to beech as a determinant tree species of this natural forest.
Regeneration processes of individual tree species in this primeval forest are further complicated partly because of different ecological requirements of individual tree species during germination, establishment and growth of seedlings (Korpeľ 1995; Saniga 2004) .
The Hrončokovský Grúň primeval forest with its diverse tree species composition and differentiated physical ages of trees has some specific features. In addition to the fluctuation of the biomass volume, caused by the competition pressure of individual tree species and different maximum physical age, significant differences were found in the processes of the formation and structure of dead wood. A significant increase in the necromass volume in the optimum stage, confirming the observations of Saniga and Schütz (2002) , is caused by high production potential and longevity of fir, which survives until the second developmental cycle, where beech is the main species. Fir is the predominant species of the standing necromass, which reflects its high static stability, whereby the gradual decline of living trees is caused by their high age (the breakdown stage). In the breakdown stage, there is a period with unsuitable ecological conditions for the establishment and growth of the subsequent generation resulting from different maximum physical ages of tree species and their different vitality. A continuous regeneration process starts at the time when a tree species dies out, which forms a gap in the available crown space of the size of a group at least (0.02 ha).
The papers dealing with research on virgin forests composed of more tree species were mainly focused on the diameter structure and on the growth processes of particular tree species (Jaworski, Skrzysewski 1995; Jaworski, Strzeska 2001; Jaworski et al. 2005) . The utilization of productive growth space by the tree species and the relations between crown and stem volume were studied above all in selection forests (Saniga, Vencúrik 2007) . The analysis of growth space economy by particular tree species on tending research plots, i.e. what the relationship between the tree and the stand productivity is like, was presented by Utschig (2002) . The results confirmed a significant relationship between the increase in the tree growth space and the stem volume increment.
Growth and competition relationships between the tree species with different ecological demands on light and nutrients in the virgin forests have not been presented in the literature yet.
The objective of this study is to answer the following questions: -How is the production space utilized by crowns of different tree species in individual developmental stages of natural forest and what is its dynamics within the time span of 30 years? -What is the temporal change of canopy closure in individual developmental stages? -How does the tree species composition change during 30 years, according to developmental stages? -To assess the growth potential of individual tree species within the production space of a natural forest, an analysis of crown and trunk volumes was performed.
MAteRiAl AND MetHoDS
The National Nature Reserve Hrončokovský Grúň was established in 1964. The area is 55.30 ha with a protection zone of 112.83 ha. The reserve is situated in the forest management unit Hronec, compartments 298, 299, 300 and 301. It is located in the geographical unit Slovenské Rudohorie Mountains in Central Slovakia (48°43'N, 19°35'E) , the altitudes range between 730 and 1,050 m a.s.l., slope aspect is east to southeast, and slope angle ranges from 15° to 25°.
The average annual temperature is 5°C, precipitation totals are 800 to 850 mm per year. The bedrock is formed of andesite tuff agglomerates and pyro- The analysis of changes in the tree species composition in particular diameter classes according to the developmental stages of the virgin forest within a 30-year period was based on data from the full callipering of the permanent research plots, calculated per 1 ha. Developmental stages were identified according to the diameter structure at the establishment of permanent research plots by professor Korpeľ. In subsequent decades the measurements and evaluations of permanent research plots were repeated periodically.
The utilization of productive growth space of the virgin forest by particular tree species and the share of the tree species in the total crown canopy in tree layers were calculated according to data from the transects of PRP (715 m 2 ) in the particular decades of measurement . These dendrometric characteristics were measured: -tree height (h) -to the nearest 0.5 m, -crown base height (h Z ) -to the nearest 0.5 m, -dbh -to the nearest 1 mm, -crown width -four directions x 1 -x 4 , to the nearest 0.1 m, -position of the tree -orthogonal coordinates x, y, to the nearest 0.1 m.
The analysis of the relation between the crown volume and the stem volume according to the tree species was based on data from the transects and years of measurement for the entire developmental cycle of the virgin forest.
Assmann's (1961) formula was used for the calculation of crown volume (C k ):
For broadleaved species:
For coniferous species:
where:
The crown (C L ) volume within the level was calculated as the sum of volumes of all crowns in the transect:
The available crown space (V L ) of the particular level was calculated using the following formula:
The upper tree height is defined as the average height of 10% of the thickest trees in the transect.
The formula for the calculation of utilization of available crown space (UAS L ):
Trunk volumes of individual tree species were determined using the volumetric tables of Petráš and Pajtík (1992) .
ReSultS utilization of available crown space and canopy closure
The information on the basic characteristics of natural forest at the growth stage is given in Table 1 . At the beginning, it is necessary to emphasize that spruce occurs only on PRP 1, because this plot is located in a part of the reserve with different bedrock (granodiorite). When the upper layer of natural forest during the last 30 years is evaluated, it is apparent that except for the first measurement in 1972, beech is a predominant species utilizing the available growth space of the natural forest all the time. Its share in the utilization of available growth space permanently increased and reached 29.41% in the upper layer in 2002. When all species are evaluated jointly, the utilization of available crown space exhibited an increasing trend and reached 58.76% in 2002. At this plot, the intermediate layer is partly Table 2 . In spite of the sporadic presence of spruce in the upper layer in 1972, beech is a dominant species. Other species also occur in the upper layer, particularly sycamore maple, European ash and silver fir, and their proportion varies from 1.5% to 7%. As the breakdown continued slowly through dying-off of single trees, the reaction of beech crowns is quite rapid despite its high physical age. The analysis of all three developmental stages of the virgin forest in the NNR Hrončokovský Grúň confirmed that in spite of the species richness of the tree layer and a variety of ecological requirements of tree species, height differentiation is not considerable. Total utilization of available growth space was the highest at the breakdown stage, the lowest at the optimum stage.
Canopy closure level, defined as the sum of vertical projections of tree crowns onto the ground, is characterized in Table 4 . As the year 2002 is evaluated, according to the developmental stages we can state that the highest value of canopy closure was recorded at the optimum stage (172.51%), the lowest at the growth stage (125.92%). The low values of canopy closure at the breakdown stage in 1972 and 1982 were probably caused by dying-off of large beech and maple trees and by deceleration of breakdown during the last 20 years. The fluctuation of this characteristic at PRP 1 (growth stage) is caused by the same mechanism, the trees of the previous generation are dying off, including fir.
Dynamics of diameter structure in natural forest
To explain the mechanisms of tree species persistence during the observation period of 30 years, we fitted diameter class numbers during 30 years to polynomials of the 3 rd and 4 th degree (Figs. 1 to 3 ). In addition to the analysis of living trees, this procedure indirectly evaluates the variability of the dying-off of trees within individual developmental stages. In the advanced phase of the growth stage, the closest relationship (R = 0.91) was found for European ash ( Fig. 1) , documenting that ash is preferentially represented in the upper forest layer, is physiologically vital, which is manifested in a slow self-thinning during the period of 30 years. A high correlation (R = 0.85) was also found for Norway spruce, which is still vital because of a lower age and will die off during the optimum stage. The weakest relationship was observed in the case of silver fir (R = 0.56), which is rapidly declining in the upper layer, and its next generation in the lower layer suffers from interspecific competition and is occasionally damaged by the falling of trees of the upper layer. European beech as the bearer of the structure of this natural forest just starts to dominate from the aspect of yield and function at this stage. Because of the dying-off of trees of the upper layer and damage to the lower layer by falling trees the correlation index for beech was R = 0.82, which is significantly less than for European ash. Sycamore maple, which together with beech starts to dominate in the lower and intermediate layers, has a correlation index of R = 0.64, which is understandable concerning the behaviour of the virgin forest at this stage. Trends of tree species persistence in the breakdown stage exhibit weaker correlations for almost all tree species (Fig. 2) . Like in the optimum stage, the closest relationship was observed for European ash (R = 0.82), reflecting a low mortality of this species during the last 30 years. An equally close correlation was recorded for sycamore maple (R = 0.85) and European beech (R = 0.80). The highest mortality was recorded in silver fir, where the correlation index is the lowest, namely R = 0.71. On PRP 3, which was described as an advanced phase of the optimum stage, the correlations of the dynamics of mortality along the temporal gradient are generally less tight (Fig. 3) . The closest correlation was found for sycamore maple (R = 0.88) and European ash (R = 0.83), both reaching mostly the upper layer and being physiologically vital. Beech as a dominant species and the bearer of structure has relatively high dynamics of mortality within the whole vertical profile of the natural forest and thus exhibits a moderately close relationship (R = 0.64). Silver fir, representing two generations on this plot, exhibited the lowest correlation, which is caused by the relatively fast dying-off of the older fir generation. The individuals of the subsequent generation of fir growing in the lower layer become damaged to various degrees by falling trees of the previous fir generation. 
Growth relationships of tree species in the natural forest
The volume growth of a tree is most influenced by the volume of the assimilatory apparatus -tree crown. To assess the growing processes of individual tree species in the primeval forest, an analysis of relationships between crown volume and trunk volume was done. The analysis of this relationship for European beech as a species forming the skeleton of this primeval forest confirmed a relatively close relationship R = 0.80 (Fig. 4) . On the other hand, the index of determination showed that 64% of the trunk volume growth was determined by the crown volume and 36% by other factors, e.g. competition among neighbouring trees or different level of soil utilization.
Concerning silver fir as another shade-tolerant tree species of the primeval forest, a similar relationship was observed (R = 0.82) (Fig. 5 ). Testing these two correlation indexes did not confirm a significant difference between beech and fir. In the case of fir, the processes of stem growth and increment are similar to those of beech.
The analysis of growth relationships between crown and trunk volume in Norway spruce confirmed a close correlation, R = 0.75 and index of determination R 2 = 0.56 (Fig. 6) , meaning that the volume of assimilatory apparatus contributed to trunk volume by 56%. The analysis of this relationship for European ash, which reaches a height of 49 m in this reserve, is presented in Fig. 7 . A high correlation index R = 0.79 indicates a very tight correlation and a 62% effect of assimilatory apparatus on trunk volume, whereby only 38% of trunk volume variation was caused by other factors.
A similar situation was found in sycamore maple (Fig. 8) . A high index of determination R 2 = 0.71 together with a correlation coefficient of 0.84 confirmed a similar relationship like in European ash. The testing of these two correlation coefficients did not confirm any significant difference. The same effect was recorded in the analysis of determination indexes R 2 among European ash, sycamore maple and European beech. 
DiScuSSioN AND coNcluSioN
The natural forest of the nature reserve Hrončokovský Grúň with a diverse tree species composition is a rarity among forest ecosystems of Central and Eastern Europe (Korpeľ 1989 (Korpeľ , 1995 . This diversity is caused by a gradual change of bedrock on one third of the area of this natural forest. On the one hand bedrock is andesite, on the other hand it is granodiorite and siliceous diorite, whereby PRP 1 is situated just on the diorite bedrock, providing favourable growing conditions for Norway spruce. On the other hand, PRP 2 and PRP 3 are located in a part of the reserve with andesite bedrock. They are formed of plant communities associated with well aerated and nutrient-rich Cambisols, which provide optimum conditions for the growth of European ash and sycamore maple. In this reserve, ash and maple reached maximum heights that have ever been recorded within the research of any broadleaved natural forest of Slovakia (Saniga 2004) . Optimum environmental conditions caused that the trunk volume growth is most affected by the capacity of their assimilatory apparatus, in spite of the fact that they are both moderately shade-tolerant tree species. In the case of these two tree species, improved soil conditions balanced the lack of sunlight in the middle and upper third of crown space. The second factor most affecting the strange correlation is their height position in the upper level. Here the crowns have almost self-standing positions. The knowledge of this problem has not been published yet. Nevertheless, the findings from research of relations between the parameters of crowns and stem volume increment on thinning plots confirm this fact (Utschig 2002) . Similar relations were confirmed for fir and partly for spruce in the selection forest that represents the advanced phase of growth stage (Saniga,Vencúrik 2007) . The analysis of tree number dynamics according to tree species, diameter classes and developmental stages approximated by polynomial regressions confirmed that fir dies off in the advanced phase of the growth stage and at the beginning of the optimum stage, when the second generation of beech becomes predominant. The correlation coefficient for fir documents a moderately close relationship.
The analysis of selected yield indicators of individual tree species confirmed that under favourable soil conditions, maple and ash as moderately shadetolerant admixed species are able to maintain their position in the growing space of this natural forest, in spite of the fact that beech is a dominant species. 
